ABSTRACT Agarwood, derived from Aquilaria sinensis and Aquilaria malaccensis, is of medicinal 5 and ecological value and religious importance as incense. The existing imbalance between short supply 6 and increasing demand of this product remains to be solved. Thus, the biologically artificial agarwood- 
INTRODUCTION

36
Aquilaria sinensis (Lour.) Gilg (Thymelaeaceae) is mainly distributed in the provinces of Hainan, 
45
Moreover, agarwood has been used as incense for centuries in Buddhist, Hindi, and Islamic ceremonies 46 (4). DingWei, a famous writer in the Song Dynasty, provided crucial contributions to the development 47 of agarwood as incense. In Tianxiang Zhuan, he was the first to classify agarwood into four grades and 48 12 shape categories depending on the fragrance, appearance, and formation. In a word, agarwood has 49 become an indispensable product in modern life.
50
Nevertheless, the enormous demand for agarwood markedly exceeds its supply because of the 51 dramatically declining population of the genus Aquilaria caused by illegal overexploitation (7). This 
68
As reported, such inoculum is capable of stimulating agarwood formation. Given the fungal mobility
69
and plant transpiration, agarwood may form on the trunk and branches of the entire tree, causing a far 70 higher production of agarwood at a lower cost of labor and time than that induced by previous artificial 71 techniques. However, several studies have shown that agarwood harvested from biological technology 72 contains lower content of ethanol-soluble extractive compared with natural agarwood (15-17). Zou (18) 73 considered the possible role of endophytic bacteria in agarwood formation, but failed to determine the 74 bacterial community structure by PCR-DGGE methods. Thus, the bacterial and fungal communities of 75 agarwood from A. sinensis must be investigated to refine the current agar-wit technique.
76
In this study, the major bacterial and fungal communities of natural agarwood and agar-wit agarwood
77
were investigated using high-throughput sequencing without the prepared isolation and cultures. The 78 variation of dominant microbial communities between these two agarwood types was analyzed.
79
Functional profiles were also used to investigate the role of bacterial communities in the metabolic 80 activity of agarwood formation. Finally, the relationship between the variation of dominant microbial 81 communities and agarwood types was characterized.
82
RESULTS
4
General analyses. After data filtration, a total of 64474 and 37850 high-quality sequences of all 84 samples were obtained for the fungal primer SSU0817F/1196R and bacterial primers 799F/1392R and 85 799F/1193R, respectively. Then, these effective sequences were clustered to OTUs with 97% similarity,
86
which is a common parameter for describing microbial community structure (19, 20) . After the 87 chimeric, mitochondrial, and chloroplast sequences were removed, the OTU table generated 30 OTUs
88
and 185 OTUs for fungal and bacterial communities, respectively. These OTU tables were used for 89 downstream analyses.
90
First, rarefaction curves were applied to evaluate and compare data from the current study (Fig. S1 ).
91
With increasing read number, the curves tended to stabilize and be saturated for both bacterial and 
96
Bacterial and fungal diversity analyses. Chao and Shannon indices were related to microbial 97 communities' richness and diversity and are usually used to preliminarily compare the different types 98 of samples (22-24). In our study, the Chao and Shannon indices of bacteria ( Fig. 1a and 1b ) in natural 99 agarwood samples were higher than those in agar-wit samples, and the same trend was found in fungal 100 communities ( Fig. 1c and 1d ). These results indicated that the microbial types in natural agarwood,
101
including bacteria and fungi, were more abundant and complicated than those in the agar-wit samples.
102
In both natural agarwood and agar-wit samples, the values of Chao and Shannon indices of bacterial 103 types ( Fig. 1a and 1b) were significantly higher than those of fungal types ( Fig. 1c and 1d ), which 104 suggested that the bacterial communities showed higher abundance than the fungal communities in 105 agarwood samples from two different production methods.
106
Cross-OTU comparisons in natural agarwood and agar-wit samples. To determine the relation 107 between these two kinds of samples, we conducted cross-OTU comparison by using Venn diagrams 108 (25). The overlaps were present in two different types of microorganisms between natural and agar-wit 109 agarwood ( Fig. 2a and 2b) . The bacterial and fungal OTUs enriched in the natural agarwood 110 successfully colonized the agar-wit agarwood, as 77 out of 185 OTUs of bacteria included in natural 111 agarwood were also enriched in the agar-wit agarwood (Fig. 2a) , and the fungal OTUs in the agar-wit 112 agarwood were almost completely replicated from natural agarwood (Fig. 2b) . These results indicated 5 that the bacterial species in agarwood obtained from whole-tree agarwood-induction technology were 114 stabilized and only slightly varied relative to that in natural agarwood.
115
A total of 77 and 17 OTUs were clustered to the common region, which were all shared by two 116 different agarwood samples for bacterial and fungal types, respectively ( Fig. 2c and 2d) . A total of 77
117
OTUs for bacteria mainly consisted of Proteobacteria and Actinobacteria (Fig. 3a) , and 17 OTUs for 118 fungi were mainly composed of Ascomycota (Fig. 3b) 
125
Microbial community composition in natural agarwood and agar-wit agarwood. In this study, we 126 investigated the bacteria at different taxonomic levels, and taxonomies with < 1% abundance were 127 defined as others ( Fig. 3a and 3c) . The dominant phyla consisted of Proteobacteria, Actinobacteria,
128
and Acidobacteria, which constituted the main sections of the bacterial community structure of natural 129 agarwood and agar-wit agarwood (Fig. 3a) . The agar-wit technology distinctly caused an increasing 130 ratio of Proteobacteria in the agar-wit agarwood from 47.87% to 64.04% compared with natural 131 agarwood. Inversely, the relative abundance of Actinobacteria decreased from 44.08% of natural 132 agarwood to 30.06% of agar-wit agarwood and showed a reverse trend (Fig. 3a) . Similar to
133
Arabidopsis (26) and rice (25), an increased pool of Proteobacteria was found in the bacterial 134 communities. However, the difference was that the bacterial community composition was simpler in 135 agarwood, and the three bacterial phyla above achieved a total relative abundance of more than 97.60%.
136
The simpler bacterial community composition of agarwood might be due to the lack of soil 137 microorganisms that could influence each other directly compared with Arabidopsis and rice. More sharply decreased in agar-wit agarwood than in natural agarwood, which was not observed with the 144 phylum Proteobacteria. Similarly, the variation tendency of Micrococcales was vastly increasing and 145 thus opposite to that of phylum Actinobacteria (Fig. 3c) . The variation in relative abundance of
146
Xanthomonadales and Micrococcales may be due to the cooperation and competition among the 147 different microbial types, which have been thoroughly investigated and utilized (27, 28). More details 148 were showed in Table S1 . 65.95% OTUs were assigned to genus or species.
149
At present, fungi are considered as the most important microbial factor promoting agarwood Table 1 . Only 8 OTUs were assignable to genus or species. To supplement this, 10 fungal 168 strains were isolated and identified, and all strains were assigned to genus or species. 6 strains belonged
169
to Sordariomycetes (Table S2) , which also were the most abundant of microbial types in the culture-170 independent approach (Fig. S2) . L. theobromae, a strain usually used in whole-tree agarwood-inducing 171 technique, was isolated from both the natural agarwood and agar-wit agarwood.
7
Comparative analyses between natural agarwood and agar-wit agarwood. In the heatmap of 173 bacterial and fungal distributions, we used color intensity to compare the top 50 most abundant genera 174 present in the natural agarwood and agar-wit agarwood (Fig. 4) . Lower evenness was found in the 175 bacterial communities of the agar-wit agarwood than in the natural agarwood (Fig. 4a) . The bacterial 176 types in the agar-wit agarwood focused on several genus levels, such as Gryllotalpicola, Burkholderia- 
177
Paraburkholderia, Sphingomonas, and Acidothermus (Fig. 4a) . A same trend was found in the fungal 178 communities of the natural and agar-wit agarwood (Fig. 4b) . In particular, the distribution revealed a 179 highly concentrated relative abundance of Sordarionmycetes (Fig. S3 ).
180
The highly concentrated relative abundance of some microbial communities caused variation in the 181 dominant microbial communities between natural agarwood and agar-wit agarwood (Fig. 5) . The main 182 dominant bacterial communities at the genus level contained Jatrophihabitans, Acidibacter, and an 183 unclassified genus belonging to the family Elev-16S-1332 in natural agarwood ( Fig. 5a and Fig. S4 ).
184
However, the highly abundant population was changed to Burkholderia-Paraburkholderia,
185
Sphingomonas, Gryllotalpicola, and Acidothermus in agar-wit agarwood. Actually, the relative 186 abundance of the bacterial communities at the genus level tended to be thoroughly distributed in natural 187 agarwood, which showed a higher evenness in bacterial communities than that in agar-wit agarwood. A 188 variation in the dominant microbial communities was also found within fungal types on the order level 189 between natural agarwood and agar-wit agarwood (Fig. 5b) (Fig. 6b) . Terpenoid and polyketide metabolism is an important biosynthetic pathway of sesquiterpenes 206 in this study, and besides, carbohydrate metabolism also showed a prominent abundance in two types 207 of agarwood (Fig. 6c) . Most of the COG and KEGG functions were higher in agar-wit agarwood than 208 in natural agarwood probably because of the variation in the dominant bacterial communities.
209
DISSCUSSION
210
Agarwood are more and more popular in our daily life as medicine and incense nowadays. 
223
were involved in agarwood formation, but failed to reveal the bacterial community structure by PCR-
224
DGGE methods. In this study, we found the higher bacterial communities' richness and diversity in 225 both types of agarwood than fungal communities (Fig. 1) . Remarkably, we detected a high bacterial 226 pool from A. sinensis by high-throughput sequencing, which was typically ignored in the past.
227
The diversity of microbial communities between the natural and agar-wit agarwood were different in 228 current study. The microbial communities richness and diversity analyses all showed the higher values 229 in the natural agarwood than agar-wit agarwood (Fig. 1) . Venn diagrams indicated that the microbial 230 species existing in agarwood obtained from whole-tree agarwood-induction technology were relatively 9 fixed and only slightly changed relative to that in the natural agarwood (Fig. 2) . Although Zou (18) 232 considered that fungal species were significantly abundant in agarwood samples compared with white 233 wood, other sufficient reports shared different ideas. Mohamed (29) 
248
communities in the natural and aga-wit agarwood, these two types of samples shared the same 249 dominant phyla for both bacterial and fungal communities ( Fig. 3a and 3b) . On order level, the 250 abundances of most microbial categories were different, which might cause the different values of 251 microbial communities' richness and diversity.
252
In particular, unlike in most previous studies, the comparative analysis of A. sinensis between the 253 white wood and the resinous region was performed to determine the most important microbial 254 communities in agarwood formation (14, 18, 29, 30). In our study, we compared the bacterial and 255 fungal types between the natural agarwood and agar-wit agarwood and found a variation in the 256 dominant microbial communities between these two kinds of agarwood samples. In the cross-OTU 257 comparative analysis, we summarized that the bacterial and fungal species enriched in the natural 258 agarwood successfully colonized the agar-wit agarwood. This result indicated no difference in 259 microbial types between these two kinds of agarwood. In the current study, the primer 260 10 SSU0817F/1196R, which showed a fungal-specific characteristic, was employed to accurately 261 characterize the fungal communities without any other false-positive results (35) . However, the 262 taxonomic identification from this primer was restricted (35) . In our study, most of the fungal 263 communities were characterized on the order level or above (Fig. S3) . Actually, next-generation 264 sequencing technology (NGS) have many constrains (36). The fungal DNA may not be recovered from 265 all genotypes in the culture-independent approaches (36). Besides, PCR amplification steps may prefer 266 to the bulk DNA extracts, and hinder the identification of some other genotypes (37). Finally, fungal 267 sequences obtained from the culture-independent approaches are short and variable, which restrict the 268 assignment of fungal sequences to genus or species (38). So the culture-independent methods are 269 usually used to reflect the microbial communities, and the culture-dependent methods are used to 270 identify the microbial taxons. These might be the reasons why no genus or species overlapped between 271 the culture-dependent and culture-independent approaches in this study. Despite all these shortcomings, 272 a lower evenness of fungal communities was found in the agar-wit agarwood than in natural agarwood 273 at the genus level (Fig. 4b) . Bacterial communities also showed the lower evenness in agar-wit 274 agarwood and focused on several genus levels (Fig. 4a) . The lower evenness and higher concentrated 
281
The role of bacterial communities in agarwood formation is unknown, we proved that bacterial (Fig. 6c) 
294
In summary, we successfully characterized the bacterial and fungal community composition in natural 295 agarwood and agar-wit agarwood. In these two kinds of agarwood products, the dominant phyla of 
306
MATERIALS AND METHODS
307
Agarwood samples. Two kinds of agarwood samples were collected from mature A. sinensis (Lour.)
308
Gilg trees in Haikou, China (E109°27′26.08″, N19°42′20.02″), in June 24, 2017. Natural agarwood 309 samples were cut off at 2-3 cm thickness from the exposed section where agarwood formed naturally. 
350
Statistical analysis. The results were reported as means ± SD. Data were analyzed using IBM SPSS
351
Statistics 20. Statistically significant data were further analyzed using one-way analysis. Significant 352 difference was considered at p < 0.05.
353
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